Many eubacteria are able to grow on linear alkanes by virtue of alkane hydroxylases (AHs) that activate alkanes to 1-alkanols. These are then further metabolized by alcohol and aldehyde dehydrogenases to fatty acids, which enter the central metabolism (34) . AHs belong to several different oxygenase classes. Shortchain-length (C 2 to C 4 )-alkane degraders possess enzymes related to the soluble and particulate methane monooxygenases (34) , while integral membrane nonheme iron AHs related to AlkB of Pseudomonas putida GPo1 were found in medium-chain-length (MCL) (C 5 to C 11 )-and especially in long-chain-length (LCL) (ՆC 12 )-alkane-degrading Alpha-, Beta-, and Gammaproteobacteria and high-GϩC gram-positive bacteria (34, 37) .
Several strains in our collection of alkane degraders grow well on MCL alkanes but could not be shown to contain AlkB homologs that act on MCL alkanes (some of these strains do contain AlkB homologs that hydroxylate LCL alkanes); these strains include the following. (i) Gordonia sp. strain 7E1C (Rhodococcus rhodochrous NCIMB 12566) is of interest because it is able to oxidize substituted phenoxy propane to phenoxy propanoic acids when pregrown on n-alkanes (17) . It is known to contain an alkane-inducible cytochrome P450 (2) .
(ii) For Rhodococcus erythropolis NRRL B-16531 and Q15, none of the integral membrane AHs cloned from these isolates could be shown to act on MCL alkanes (39) , even though these and other R. erythropolis isolates grow well on such alkanes (38) . (iii) Of several hexane-degrading strains isolated from a trickling-bed bioreactor (32, 39) , only 2 of 15 strains tested contained AlkB homologs that oxidize MCL alkanes (J. B. van Beilen et al., unpublished data). This left 13 strains for which growth on hexane initially could not be attributed to known enzyme systems. One of these strains, Sphingomonas sp. strain HXN-200, contains a soluble alkane hydroxylase, which is proposed to be responsible for a range of useful hydroxylation and epoxidation reactions of cyclic compounds such as pyrrolidines, pyrrolidinones, azetidines, azetidinones, piperidines, and piperidinones (4-6, 24, 25) . Mycobacterium sp. strain HXN-1500, a strain able to convert limonene to perillyl alcohol (35) , was found to contain a soluble alkane hydroxylase that is closely related to the Acinetobacter sp. strain EB104 hexane hydroxylase (CYP153A1), the first member of a new cytochrome P450 family (26) . Based on conserved sequence motifs in CYP153A1 and two CYP153 homologs (CYP153A2 and CYP153A4) in bacterial genome sequences, highly degenerate primers were designed to clone the Mycobacterium sp. strain HXN-1500 CYP153A6 gene and flanking regions. The CYP153A6 gene was subsequently functionally expressed in Pseudomonas putida GPo12 by using the broad-host-range vector pCom8, and the recombinant was used for the production of perillyl alcohol from limonene (35) .
In this study, we used the same degenerate primers to carry out a search for CYP153 genes in alkane-degrading strains. It appeared that most of the hexane-degrading strains contained CYP153 sequences. Seven of the 11 full-length CYP153 genes tested could be functionally expressed in P. putida and allowed the host strain to grow on alkanes.
MATERIALS AND METHODS
Strains, growth media, and materials. The strains and plasmids used or constructed for cloning and expression are listed in Table 1 . Luria broth (LB) (30) and E2 medium (22) , supplemented with carbon sources or antibiotics, were used throughout. All cultures were grown aerobically at 30°C or 37°C. Escherichia coli strains were transformed by electroporation (10) . To select E. coli transformants, ampicillin was used at 100 g/ml, tetracycline at 12.5 g/ml, chloramphenicol at 25 g/ml, and gentamicin at 10 g/ml. Plasmids were transferred to P. putida GPo12(pGEc47⌬B) by triparental mating using E. coli CC118(pRK600) as a helper strain (9) and selection with 50 g/ml of gentamicin. Bacterial strains were grown on alkanes as described previously (31, 32) . P. putida GPo12(pGEc47⌬B) was tested for growth on 1-, 2-, and 3-octanol by placing a sterile Whatman paper filter with 50 l of 1-, 2-, or 3-octanol in the lid of the petri dish.
PCR and gene cloning. Chromosomal DNA was isolated from gram-positive and gram-negative strains as described by Desomer et al. (8) . Restriction enzymes, T4 DNA ligase, and dideoxynucleotides were from Roche Molecular Biologics and were used as specified by the supplier. Oligonucleotides were synthesized by Microsynth, Switzerland. Taq DNA polymerase was obtained from Promega. PCRs were carried out using a Perkin-Elmer GeneAmp PCR system 9600. For PCR using the CYP153 primers (P450fw1 [GTSGGCGGC AACGACACSAC], based on the substrate-binding stretch GGNDTTRN in the I-helix, and P450rv3 [GCASCGGTGGATGCCGAAGCCRAA], based on the sequence ending with the heme-binding cysteine, HLSFGFGIHRC), the following program was used: 4 min at 95°C; 25 cycles of 45 s at 95°C, 1 min at 58°C, and 1 min at 72°C; 5 min at 72°C; and 4°C until further use. If multiple bands were present, PCR products were purified over a 1% agarose gel in Tris-borate-EDTA buffer, cut out from the gel, and isolated by electroelution (30) . The PCR fragments were cloned in pCR-TOPO2.1 (Invitrogen). Plasmid DNA was isolated using the Roche Molecular Biologics High Pure plasmid isolation kit. Both strands of the inserts were sequenced on a Li-Cor 4000L sequencer using IRD800-labeled Ϫ40 forward (AGGGTTTTCCCAGTCACGACGTT) and Ϫ40 reverse (GAGCGGATAACAATTTCACACAGG) primers (MWG-Biotech) and the Amersham Thermosequenase cycle sequencing kit. 16S rRNA gene sequencing was done as described by Karlson et al. (20) . The primers used for amplification were 16F27 and 16R1525, and the primers used for sequencing were 16F355, 16R519, and 16R1488 (15) . Southern blotting and colony blotting were carried out as described before (30, 32) .
To clone complete CYP153 genes and flanking DNA, the amplified CYP153 gene fragments were digoxigenin labeled and used as probes in Southern blotting to identify easy-to-clone restriction fragments. Chromosomal DNA fragments of appropriate size were isolated from preparative Tris-borate-EDTA agarose gels by electroelution, ligated in pZErO-2, and transformed into E. coli DH10B. Transformants containing CYP153 genes or gene fragments were identified by colony blotting. Both strands of the inserts were sequenced using clones made with the EZ::TN ͗ TET-1͘ kit (Epicenter) and primers described in the manual for the same kit.
Sequence analysis. Nucleotide and amino acid sequences were analyzed and compared using LASERGENE Navigator from DNASTAR (Madison, Wisconsin). Nucleotide and amino acid sequences were compared with the sequence databases at NCBI by using BLAST (1) . In all cases, except for CYP153A7, where an N-terminal sequence was available, the start codons of cloned genes and relevant genes in sequenced genomes were identified by sequence analysis. In almost all cases, the first potential ATG start codon of the open reading frame was preceded by a ribosomal binding sequence. If this was not the case, alternative start codons were identified. New P450 sequences were deposited in the cytochrome P450 database and named by David Nelson (http://drnelson.utmem .edu/CytochromeP450.html). Distance trees based on multiple sequence alignments were generated with ClustalX (16), using the neighbor-joining method with 1,000 bootstrap trials.
Expression of CYP153 genes in Pseudomonas. The HXN200 CYP153A7 gene (ahpG1) and the downstream ferredoxin gene (ahpI1) were amplified with primers HXN200-P450Fdx-FW (GAATTCATTatgGAACATACAGGACAAA [EcoRI The four other HXN-200 CYP153 genes were amplified with primers that introduced an EcoRI site (CYP153A8 and CYP153D3) or MfeI site (CYP153D2 and CYP153A11) 3 bases upstream of the predicted translation start codon and a PacI site 2 to 20 bases downstream of the stop codon (for CYP153D2, forward primer GCAATTGCCCATGGCTACCGTCATCCG and reverse primer ATT AATTAAGGGCTCCTCATGCCCCTG; for CYP153A8, forward primer CGA AGAATTCGACATGGATACCGACATGG and reverse primer GCTTTTAAT TAATCAGCCAATCAGCGGGCG; for CYP153D3, forward primer GGAATT CATCATGGCCAGCACCGCC and reverse primer CGTTAATTAACGTCT GGGCGGCAG; and for CYP153A11, forward primer GTCAATTGCATA TGGCTACGCGATCGATGCAGTCCGGTCCGGATCGCGAAGAACCGG ACCGCCCTATTGCCG and reverse primer CTTAATTAAAAGATTGTG ACCTTCCCTTGGTGC). The CYP153A11 forward primer also removed an internal MfeI site. The two Alcanivorax borkumensis AP1 CYP153 genes were amplified with primers AP1-FW (GCAATTGGACATGTCAACGAGTTCAAG TAC) and AP1-RV (CTTAATTAACCTTTCCGTTCTGGCGAGTC), the Mycobacterium marinum CYP153A14 gene was amplified with marFW (GGAATT CGACATGAGCAATATTCGCGAGGC) and marRV (CTTAATTAAGCA CGGTCATGCGCCACC), and the Rhodopseudomonas palustris CYP153A5 gene was amplified with palFW (GGCAATTGACGATGCACGGCACCATCG) and palRV (TTTTAATTAAAGGTCATGAGACCCGGACC). All PCR fragments were first cloned in pCR-TOPO2.1, and sequenced. Subsequently, the EcoRI- PacI or MfeI-PacI inserts were cloned in pCom12, and the resulting plasmids were transferred to P. putida GPo12(pGEc47⌬B). Nucleotide sequence accession numbers. Accession numbers for CYP153 sequences are given in Table 2 . The Gordonia sp. strain 7E1C 16S sequence received the accession number AJ784814.
RESULTS
Amplification of CYP153 gene fragments and cloning of full-length CYP153 genes. In our search for new alkane hydroxylases, we have identified several strains that grow well on MCL alkanes but do not contain AlkB homologs acting on MCL alkanes. PCR with degenerate CYP153 primers, developed to clone the Mycobacterium sp. strain HXN-1500 alkane hydroxylase (35) , yielded PCR products of the expected length from most of these strains (designated "PCR" in Table 2 ). These include all mycobacteria, all R. erythropolis isolates, and several of the Proteobacteria. Only three target strains did not yield PCR fragments (van Beilen et al., unpublished data). Because the degenerate primers were biased for the amplification of high-GϩC content CYP153 genes (initially only Mycobacterium sp. strain HXN-1500 was a target), unbiased and low-GϩC primers were also designed and tested, but these did not yield additional PCR fragments. Sequencing showed that all PCR fragments encoded peptides with high sequence identity (Ͼ60%) to the corresponding regions of CYP153A1 and CYP153A6, indicating that internal segments of CYP153 genes have been amplified.
In the case of Sphingomonas sp. strain HXN-200, Southern blotting using a digoxigenin-labeled CYP153 PCR fragment amplified from HXN-200 chromosomal DNA gave multiple signals. Suitable restriction fragments were identified by Southern blotting and cloned. A 4.7-kb EcoRI fragment, a 4.4-kb BamHI fragment, and a 2.5-kb EcoRI fragment overlapped, resulting in a 7.2-kb sequence containing the CYP153A7 and CYP153D3 genes and a ferredoxin gene adjacent to the CYP153A7 gene. A 2.0-kb SacI fragment contained the CYP153A8 gene and a ferredoxin gene. The CYP153A11 gene and an adjacent ferredoxin gene were found on overlapping PstI 4.2-kb and SacI 3.2-kb fragments, and the CYP153D2 gene was found on overlapping PstI 4.4-kb and EcoRI 4.4-kb fragments. All sequences were submitted to GenBank and received the accession numbers shown in Table 2 and in Fig. S1 in the supplemental material. The N-terminal sequence of CYP153A7 corresponded to that of the N-benzylpyrrolidine-hydroxylating enzyme purified earlier from Sphingomonas sp. strain HXN-200 (3) .
PCR using the degenerate CYP153 primers yielded one of two closely related DNA sequences (87% DNA sequence identity) with all R. erythropolis isolates. Subsequent Southern blotting using one of two sequences as a probe revealed that all seven tested R. erythropolis strains contain two closely related CYP153 genes (data not shown).
Alcanivorax borkumensis AP1 was included in this study because it was thought likely that it contains CYP153 sequences in addition to its two integral membrane AHs (36); a double alkane hydroxylase knockout mutant of the closely related isolate SK2 was still able to grow on alkanes (14) , and the genome sequence of SK2 possesses two almost identical copies of a CYP153 gene (Alfred Pühler, personal communication). As A. borkumensis AP1 and A. borkumensis SK2 are closely related isolates (36), we used primers based on the sequence of the SK2 CYP153 genes to amplify the full-length AP1 CYP153 gene(s). Sequence comparisons of eight clones indicated that AP1 contains at least two CYP153 genes. The two cloned sequences (CYP153A12 and CYP153A13) had 94% DNA sequence identity to each other. The CYP153A13 gene sequence was practically identical to the two SK2 CYP153 gene sequences (99.6%). In total, we cloned 8 full-length CYP153 genes using PCR and Southern blotting, while an additional 11 full-length sequences were found in finished or unfinished microbial genome projects.
Sequence analysis of CYP153 genes and flanking DNA. A distance tree was calculated based on the alignment of the CYP153 peptides encoded by the PCR fragments, the corresponding regions of CYP153 proteins encoded by bacterial genome sequences (designated "genome" in Table 2 ), and a number of more distantly related sequences such as P450cam (see Fig. S1 in the supplemental material). Most sequences belong to the CYP153A subfamily, while the remaining five CYP153 sequences belong to other subfamilies (C, D, and E). The most deeply branching sequence that belongs to the CYP153 family is that of the Novosphingobium aromaticivorans CYP153C1, which shows between 38 and 46% full-length amino acid sequence identity with other CYP153 sequences.
The flanking regions of five CYP153 genes encoded homologs of ferredoxin as well as ferredoxin reductase, the other two components of class I cytochrome P450 systems. In addition, ferredoxin genes were found downstream of three of the five HXN-200 CYP153 genes ( Table 2) .
The eight ferredoxins encoded near CYP153 genes all belonged to the [2Fe-2S] type, which is ubiquitous in plants, Most strains shown here belong to an in-house collection of hydrocarbon-degrading bacteria described earlier (32, 35) . The HXN strains are hexane-degrading bacteria isolated from a trickling-bed bioreactor that was operated for 3 years to study the removal of hexane from an airstream (28, 38) .
b Genome, the genome sequence contains one or more CYP153 sequences; PCR, the degenerate CYP153 or AlkB primers yielded one or more PCR fragments; cloned, the complete CYP153 genes were cloned and expressed in P. putida (12) . A closely related example of these ferredoxins is putidaredoxin, which transfers electrons from putidaredoxin reductase to P450cam (CYP101) (13) . The sequence identity among the CYP153-associated ferredoxins was typically higher than 40%, which was slightly higher than the sequence identities with putidaredoxin (Ͼ35%). The five ferredoxin reductases were slightly more closely related to each other (42 to 59%) than to putidaredoxin reductase (41 to 51%) and were still quite closely related to rubredoxin reductase (34 to 37%), which acts on rubredoxin, a structurally unrelated electron transfer protein.
Functional expression of CYP153 genes. Previously, we have obtained functional expression of all three components of the Mycobacterium sp. strain HXN-1500 CYP153A6 AH system in P. putida GPo12(pGEc47⌬B) and used the recombinant to produce perillyl alcohol in gram amounts (35) . To prove that the newly cloned and identified CYP153 genes indeed encode AHs, we choose 11 genes for expression in the same host, taking the ability of recombinants to use alkanes as the sole C and energy source as evidence for functional expression and hydroxylation of alkanes by the expressed CYP153s.
The first CYP153 selected for heterologous expression was CYP153A7, the proposed N-benzylpyrrolidine-hydroxylating alkane hydroxylase isolated from Sphingomonas sp. strain HXN-200 (3). CYP153A7 was expressed using the broad-hostrange expression vector pCom8 (33) , which was used earlier to obtain functional heterologous expression of CYP153A6 (35) and a wide range of integral membrane AHs (31). Because we have not been able to identify and clone the HXN-200 ferredoxin reductase gene, we initially cloned the CYP153A7 gene (ahpG1) together with the downstream ferredoxin gene (ahpI1) in pCom8 (resulting in pCom8-P A7 F 200 ) and tested functional expression in the host strains E. coli GEc137(pGEc47⌬B) and P. putida GPo12(pGEc47⌬B). These hosts are recombinant strains containing all genes necessary for alkane utilization except a functional AH gene (31) . As we obtained only weak growth on solid mineral salts medium with n-octane vapor as the C source, a plasmid that also included the Mycobacterium sp. strain HXN-1500 ferredoxin reductase gene (pCom8-P A7 F 200 R 1500 ) was constructed next. An E. coli recombinant containing this plasmid still showed very weak and difficult-to-reproduce growth on n-octane, but growth of the P. putida recombinant on n-octane was much stronger. In addition, after several rounds of reinoculation the growth rate increased significantly, eventually resulting in dense growth on minimal medium plates 24 h after inoculation. P. putida GPo12(pGEc47⌬B, pCom8-P A7 F 200 R 1500 ) grew in liquid mineral medium with n-octane as the sole C source with a doubling time of close to 3 hours. Passage over rich medium or storage of the recombinant strain did not result in loss of the phenotype, and resequencing revealed no changes in the insert of pCom8-P A7 F 200 R 1500 .
To facilitate heterologous expression of other CYP153 genes, we constructed a derivative of pCom8-P A7 F 200 R 1500 that allowed easy insertion of P450 genes as EcoRI-PacI or MfeI-PacI fragments (pCom12-P A7 F 200 R 1500 ) (Fig. 1) . We then cloned the Acinetobacter sp. strain EB014 CYP153A1; R. palustris CGA009 CYP153A5; Sphingomonas sp. strain HXN-200 CYP153A8, -A11, -D2, and -D3; A. borkumensis AP1 CYP153A12 and -A13; and M. marinum M CYP153A14 genes in pCom12 and transferred the resulting plasmids to P. putida GPo12(pGEc47⌬B). All recombinants were tested for growth on n-pentane, n-hexane, n-octane, and n-decane on solid medium. In addition to CYP153A6 and -A7, CYP153A1, -A11, -A13, -A14, and -D2 also allowed the respective recombinants to grow well on most of the alkanes (Table 2 ; Fig. 2) . As was the case with the CYP153A6 and -A7 recombinant strains, some of the new recombinants initially did not grow well on alkanes, and several rounds of reinoculation were necessary to obtain fast growth on alkanes. CYP153A5, -A8, -A12, and -D3 did not allow the recombinants to grow on any of the alkanes tested. We determined CO difference spectra of cell extracts of these four recombinants but found no evidence for the presence of cytochrome P450 (data not shown). In all cases, plasmids were reisolated from the recombinants to verify their identity by restriction analysis and partial sequencing.
Culture supernatants of octane-grown P. putida recombinants containing CYP153A1, -A6, -A7, -A13, and -D2 were tested for the presence of metabolites. No products were found. As a first indication for terminal versus subterminal hydroxylation by the expressed enzymes, we tested the host for the ability to grow on 1-, 2-, and 3-octanol. Only 1-octanol supported dense growth on plates after 2 days. Plates incubated with 2-or 3-octanol remained empty after prolonged incubation. Moreover, P. putida (pGEc47⌬B, pCom8-P A6 F 200 R 1500 ) cultures grew well on n-octane in the presence of 0.1% 2-octanol, but the 2-octanol was not degraded.
DISCUSSION
In the course of our research on integral membrane nonheme iron AHs, we have identified several strains that grow well on MCL alkanes but do not contain integral membrane AHs that act on these alkanes (32, 39; van Beilen et al., unpublished data). Several of these strains are useful biocatalysts for hydroxylation and epoxidation reactions; others are (potential) pathogens or are useful in biodegradation. Using PCR   FIG. 2 . Growth on n-octane vapor, after 4 days, of P. putida GPo12 (pGEc47⌬B, pCom12-P x F 200 R 1500 ) recombinants expressing seven different CYP153 genes. (CYP153A1, -A6, -A7, -A11, -A13, -A14, or -D2). Recombinants containing CYP153A5, -A8, -A12, and -D3 did not grow on octane. In the absence of n-octane, none of the recombinants grew (not shown). with CYP153 primers, we now show that many of these strains (mycobacteria, rhodococci, and Proteobacteria) contain cytochrome P450 enzymes belonging to the CYP153 family. Expressed CYP153s enable P. putida recombinants to grow well on alkanes, which demonstrates that these CYP153s indeed act as alkane hydroxylases. As all original hosts are alkane degraders, the hydroxylation of simple alkanes and related compounds may well be the physiological function of CYP153 enzymes. It is interesting to note that, in contrast to the yeast microsomal cytochrome P450 AHs and the AlkB-type AHs, the CYP153s appear to be soluble enzymes, which facilitates their characterization (3, 35) . Two of the four CYP153 genes that did not enable the P. putida recombinants to grow on C 5 to C 10 n-alkanes (CYP153A8 and CYP153D3) were cloned from HXN-200, an organism containing at least five CYP153 sequences, suggesting (i) that these CYP153s act on substrates other than MCL alkanes (for example, long-chain-length alkanes, alkylbenzenes, or alicyclic compounds) or (ii) that the cloned CYP153 genes are pseudogenes (this is especially likely for CYP153A12 cloned from A. borkumensis AP1). More general explanations (also valid for CYP153A5) are that these CYP153s (i) require their cognate electron transfer proteins for functional expression (in the pCom12 expression vector, the HXN-200 ferredoxin I and the HXN-1500 ferredoxin reductase replace the physiological electron donors), (ii) do not fold properly or are not expressed in P. putida for other reasons, or (iii) hydroxylate alkanes at subterminal positions (see below). We are now testing these alternatives.
The presence of multiple AHs in one strain has previously been documented for the integral membrane AHs; a majority of strains actually contains more than one AH. In some cases, these AHs have different substrate ranges or different induction patterns (34) . Most CYP153 genes were found in bacteria that do not possess AlkB-type enzymes acting on MCL alkanes. It is important to note that several of these bacteria do contain AlkB homologs acting on LCL alkanes; in these strains, the two different types of AHs hydroxylate different subsets of alkanes. We found one exception: A. borkumensis AP1 and SK2 possess AlkB and CYP153 enzymes that both act on MCL alkanes (36) .
Because the P. putida host strain is able to grow only on 1-alkanols and not on 2-or 3-alkanols, 2-octanol is not degraded by P. putida GPo12(pGEc47⌬B), and subterminal oxidation products could not be detected in culture supernatants, we conclude that the expressed CYP153 enzymes hydroxylate mainly the terminal positions of alkanes.
In previous work, we have shown that integral membrane AHs related to the P. putida GPo1 AH are ubiquitous in alkane-degrading Alpha-, Beta-, and Gammaproteobacteria and the high-GϩC gram-positive bacteria. Most of these AHs hydroxylate alkanes longer than C 10 . We now show that many alkane-degrading bacteria also contain cytochrome P450 AHs that hydroxylate C 5 to C 10 alkanes. These P450 enzymes appear to be responsible for several of the interesting hydroxylation and epoxidation reactions catalyzed by alkane-degrading bacteria, while in A. borkumensis, they are likely to contribute to oil degradation in polluted marine environments. Quite a few strains contain multiple CYP153 enzymes, and sometimes also integral membrane AHs, and are difficult to cultivate due to their hydrophobic nature and/or pathogenicity. Thus, with the construction of seven recombinant strains expressing various individual CYP153 enzymes, we have created a useful toolbox not only for biocatalysis but also for the detailed characterization of members of this new class of P450 enzymes.
